Breakpoint lead-lag analysis of the last deglacial climate change andatmospheric CO2 concentration on global and hemispheric scales by Liu, Z(Liu, Zhi) et al.
Contents lists available at ScienceDirect
Quaternary International
journal homepage: www.elsevier.com/locate/quaint
Breakpoint lead-lag analysis of the last deglacial climate change and
atmospheric CO2 concentration on global and hemispheric scales
Zhi Liua, Shaopeng Huanga,b,∗, Zhangdong Jinc,a
a School of Human Settlements and Civil Engineering, Xi'an Jiaotong University, Xi'an 710049, China
bDepartment of Earth and Environmental Sciences, University of Michigan, Ann Arbor, MI 48109-1063, USA
c State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an 710075, China
A R T I C L E I N F O
Keywords:
Paleoclimatic database
Trend analysis
Rampﬁt
Breakﬁt
Ice age termination
A B S T R A C T
Antarctic ice core records show that climate change and atmospheric CO2 concentration (aCO2) are closely
related over the past 800 thousand years. However, the interpretation of their sequential, and hence the causal
relationship has long been controversial. In this study, we revisit this long-standing scientiﬁc issue based on 88
well-dated high-resolution climate proxy records derived from ice cores, marine deposits, and stalagmites. We
composite global and hemispheric stacks of the last deglacial climate index (DCI) using a normalization scheme
instead of a more conventional area-weighting and mixing scheme to enable a better detection of temporal
variations. Rampﬁt and Breakﬁt techniques are employed to detect the trend transitions in each composited DCI
series and in the recently constructed centennial-scale aCO2 over the period from 22 to 9 thousand years before
present. We detect a clear lead of DCI change over aCO2 variation on both global and hemispheric scales at the
early stage of the deglaciation, suggesting that the variation of aCO2 is an internal feedback in Earth's climate
system rather than an initial trigger of the last deglacial warming. During the periods of the Bølling-Allerød and
the Younger Dryas, the climate system appeared to have been constrained by a fast coupling mechanism between
climate change and aCO2 with no obvious asynchrony. The northern and southern hemispheric DCI stacks ex-
hibit a seesawing pattern that can be linked to the inﬂuences of Atlantic meridional overturning circulation
(AMOC) strength, revealing an important role of AMOC in regulating the global climate in the course of the last
deglaciation.
1. Introduction
Multiple glacial−interglacial cycles are the major characteristics of
the Quaternary climate evolution. During the period from about 20 to
10 kabp (thousand years before present, where the present is A.D.
1950), the global climate emerged from the last glaciation; the global
mean temperature went up by about 4–7 K (Guilderson et al., 1994;
Dahl-Jensen et al., 1998; Farrera et al., 1999; Stenni et al., 2001;
Ballantyne et al., 2005; Huang et al., 2008), the large northern hemi-
spheric ice sheets retreated (Dyke, 2004), the global sea level rose over
120m (Fleming et al., 1998; Clark et al., 2004; Peltier and Fairbanks,
2006; Lambeck et al., 2014), and the atmospheric carbon dioxide
concentration (aCO2) increased by about 80 ppmv (parts per million by
volume) (Neftel et al., 1988; Fischer et al., 1999; Monnin et al., 2001;
Ahn et al., 2004; Marcott et al., 2014). These changes, to some degree,
are similar to what the human beings are facing at the present-day.
Therefore the studies with respect to the process of the last deglaciation
are relevant to the understanding of the modern climate change.
Antarctic ice core studies (Neftel et al., 1988; Fischer et al., 1999;
Monnin et al., 2001; Ahn et al., 2004; Marcott et al., 2014) have pro-
vided clear evidences for a close relationship between surface air
temperature (SAT) and aCO2 variations during the last deglaciation.
However, the questions such as which one changed ﬁrst, and whether
aCO2 was a driver of this climate transformation or it was just a feed-
back that had enhanced the warming, have long been subjects of debate
(Wolﬀ, 2012; Brook, 2013). Existing ice core records of Byrd (Neftel
et al., 1988), Taylor Dome (Fischer et al., 1999), Dome Concordia
(Monnin et al., 2001), and Siple Dome (Ahn et al., 2004) show that the
rise of aCO2 lagged the rise of SAT, but the timescales of ice core re-
cords are complicated by the uncertainty of the gas-ice age diﬀerence
(Δage) that caused by the hysteresis of the air bubble's formation re-
lative to the surrounding ice. In the recent years, several advanced
approaches have been developed to improve the determination of Δage.
For example, using δ15N data as a ﬁrn column depth indicator, Parrenin
et al. (2012, 2013) revised the timescale of aCO2 derived from the
Dome Concordia ice core, and showed that the variations of aCO2 and
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SAT were almost synchronous throughout the last deglaciation within
an uncertainty less than 200 years. Similarly, the recently published
centennial-scale aCO2 record derived from the West Antarctic Ice Sheet
Divide ice core (WDC) (Marcott et al., 2014) exhibits a nearly syn-
chronous variation with SAT.
Another obstacle in our understanding of the sequential relationship
between SAT and aCO2 is the global/regional representativeness of the
paleoclimatic records. Although the aCO2 records derived from ice
cores are viewed as global average because of air diﬀusion, the re-
constructions of SAT based on the isotope ratios (e.g., δ18O and δD) of
individual ice cores reﬂect only local information that is generally
mixed with non-climatic signals. In order to overcome these drawbacks,
there have been great eﬀorts aiming at a robust reconstruction of
Antarctic SAT in the past few years. For instance, based on ﬁve coastal
ice core proxy records, Pedro et al. (2011) composited an Antarctic SAT
stack using the fast-changing global methane gas concentrations as the
time markers. Through quantitative analysis of the time-lag between
the composited SAT stack and two existing aCO2 records, Pedro et al.
(2012) concluded that the aCO2 fell behind the Antarctic SAT by less
than 400 years and could not exclude the possibility of a slight lead. On
larger spatial scales, Shakun et al. (2012) synthesized global and
hemispheric temperature stacks from 80 proxy reconstructions using a
linear interpolation and area-weighting method to show that the global
warming during the last deglaciation was preceded by the increase of
aCO2.
Although ice core record is a well-known indicator of paleoclimate
change, information of climate change in the past are also preserved
well in other media. In addition to 13 polar ice core records, we include
in our database 58 marine sedimentary records of sea surface tem-
perature and 17 stalagmite isotope records of precipitation information
in this study to allow for a better global/hemispheric representative-
ness. We totally collect and collate 88 well-dated high-resolution proxy
records over the last deglaciation as the underlying paleoclimatic da-
tabase of this study. Using a straightforward scheme of normalization
and moving average, we reconstruct global and hemispheric stacks of
the last deglacial climate index (DCI) as a composited indicator of cli-
mate change for the period from 22 to 9 kabp. To determine the se-
quential relationships between the reconstructed stacks and aCO2, we
employ the techniques of Rampﬁt (Mudelsee, 2000) and Breakﬁt
(Mudelsee, 2009) to detect the breakpoints in each composited DCI
series and in the centennial-scale WDC aCO2 (Marcott et al., 2014) for
intercomparison. Finally, we discuss the driving mechanism of the last
deglacial climate change.
2. Data and methods
2.1. The paleoclimatic database
88 well-dated high-resolution paleoclimatic records derived from
ice cores, marine deposits, and stalagmites are collected and collated as
the underlying database of this study. Spatially, the sites of these re-
cords cover broadly the globe (Fig. 1). Temporally, the average density
over the period from 22 to 9 kabp is 136 measurements per hundred
years with a total of 17,699 data points. The data density over the in-
terval from 16 to 9 kabp is even higher. The data volumes are 11,655
for the Northern Hemisphere, and 6,044 for the Southern Hemisphere,
respectively (Fig. 2A). General characteristics of these 88 records are
given in the companion data article (Liu et al., 2018).
2.1.1. Ice core δ18O and δD records
Both stable oxygen isotope ratio (δ18O) and stable hydrogen isotope
ratio (δD) in ice cores can be analyzed to reﬂect glacial surface tem-
peratures. The chronologies of ice core records depend mainly on the
methods of layer-counting and glaciological models, as well as cali-
brations by other time markers such as methane, volcanic ash, and
Beryllium-10. Our database includes 4 Greenlandic (δ18O) and 9
Antarctic (2 δD and 7 δ18O) ice core records. These records involve
three representative timescales that focus on diﬀerent correction
methods and time markers. Therein, the chronologies of the 4
Greenlandic records, as well as the Antarctic records of Law Dome and
Simple Dome, are based on the GICC05 timescale (Svensson et al.,
2008), the Antarctic TALDICE, EDML, EDC, and Dome Fuji records are
based on the AICC2012 timescale (Veres et al., 2013), and the Antarctic
Taylor Dome, Vostok, and Byrd records are based on the Lemieux-
Dudon timescale (Lemieux-Dudon et al., 2010). The average density of
the ice core data is 44 measurements per hundred years with a total of
5,715 data points. The data volumes are smaller in the Northern
Hemisphere than in the Southern Hemisphere (Fig. 2B).
2.1.2. Alkenone UK′37 and foraminifera Mg/Ca records
Alkenone ketone unsaturation index UK′37 and foraminifera Mg/Ca
ratio of marine deposits are the indicators of sea surface temperatures.
Reservoir eﬀect is an important factor that must be taken into account
in the radiocarbon dating of marine paleoclimatic records (Buck and
Blackwell, 2004; Nakamura et al., 2016; Wang et al., 2017). With re-
spect to the reservoir eﬀect of 14C dating, Shakun et al. (2012) made
careful corrections of the radiocarbon-based timescales of 32 UK′37 and
26 Mg/Ca records based on the IntCal04 standard (Reimer et al., 2004)
and Monte Carlo simulations. In our database, we include these 58
corrected records as the representations of marine region. Therein,
4,351 data points in total from 22 to 9 kabp are included, showing a
relatively homogeneous distribution with the average density of 33
measurements per hundred years (Fig. 2C–E).
2.1.3. Stalagmite δ18O records
The δ18O records of stalagmites mainly reﬂect the information of
precipitation or the intensity of monsoon. The patterns of the sta-
lagmite-based reconstructions of precipitation and monsoon intensity
have been showed to be analogous to the climate changes during the
last deglaciation (e.g., Wang et al., 2001; Wang et al., 2007; Cheng
et al., 2009; Cheng et al., 2013). Moreover, the accurate U-series-dating
in stalagmites can provide an independent chronological constraint for
the integration of the diverse paleoclimate records. In our database, all
the chronologies of the 17 participant stalagmite records were derived
from precise 230Th absolute-dating. In comparison to other archives, the
data density of stalagmite records with 7,632 data points exhibits a
biggish ﬂuctuation from 22 to 9 kabp and is denser in the Northern
Hemisphere than in the Southern Hemisphere (Fig. 2F).
2.2. The WDC aCO2 record
The WDC site is located in the western Antarctic (79.467° S,
112.085° W) with a high average snow accumulation rate of 22 cm/yr
at the present-day. An accurate timescale since 30 kabp was established
using the chronological method of annual layer counting. The Δage
between the ice and the trapped gas was estimated to be
205 ± 10 years at the present and 525 ± 100 years at the last glacial
maximum (Marcott et al., 2014). The high snow accumulation rate and
precise chronological constraints enable a better-dated gas chronology
and the reconstruction of aCO2 at sub-centennial resolution.
2.3. Methods
2.3.1. Data synthesis
Most of the existing studies on global, hemispheric, and regional
scales have been based on interpolated and area-weighted assembles of
climatic time series. However, such a conventional interpolation and
area-weighting method is not necessarily the best choice for integration
of scattered paleoclimate records derived from diverse climate proxies
and diﬀerent geographical settings. For example, although they are all
located in the Arctic region, ﬁve paleoclimatic records used in the study
of Shakun et al. (2012) that reconstructed from ice core δ18O,
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chironomid, and pollen respectively are very much diﬀerent in their
time resolution and inferred temperature range over the last deglacial
period (Table 1). Individual reconstructions comprise measurements as
many as 650 in the Greenlandic ice core record and as few as 38 in the
Alaskan Burial Lake record during the interval from 22 to 9 kabp. The
range between the maximum and minimum temperatures of a re-
construction varies from 4.1 to 32.5 K, whereas the early Holocene
(11.5–9 kabp) mean temperature varies from −34.0 to 9.9 °C.
Fig. 1. Location map of the selected 88 paleoclimatic records of this study.
Fig. 2. Data densities of the participant paleoclimatic records in 100-year interval. Northern hemispheric data are showed in bronze and southern hemispheric data
in green. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
Z. Liu et al. Quaternary International 490 (2018) 50–59
52
Moreover, the commonly used area-weighting or cosine latitude
weighting scheme would give a greater weight to the more uncertain
pollen and chironomid records because of their lower latitudes than the
higher latitude ice core records. Obviously, application of the conven-
tional interpolation and area-weighting scheme to such diverse re-
constructions for a regional representation is irrational. Nevertheless,
each of the reconstruction comprises valuable information regarding
the climate change. A more reasonable approach to synthesize such
paleoclimatic records would be to normalize each of them before in-
tegration. Fig. 3 shows as an example for comparing the integrations of
Arctic temperature based on these ﬁve proxy records to illustrate the
diﬀerence between the conventional interpolation and area-weighting
scheme and a straightforward data normalization scheme. It is obvious
that the area-weighted stack of the linearly interpolated face values of
these proxy records can hardly be representative of the last deglacial
climate in this region (Fig. 3A). In contrast, the data normalization
scheme allows for a better multiproxy integration and regional re-
presentation (Fig. 3B).
Polar ice core records provide abundant information for paleocli-
matology and the natural evidence supporting the close relationship
between climate change and aCO2 (e.g., Neftel et al., 1988; Fischer
et al., 1999; Petit et al., 1999; Monnin et al., 2001; Ahn et al., 2004;
Lüthi et al., 2008; Marcott et al., 2014). Additionally, the chronology of
ice cores, determined by a variety of methods, is an important element
in calibrating dates of other paleoclimatic records. Despite that the
marine alkenone UK′37 and foraminifera Mg/Ca records reconstructed in
many studies share agreements in patterns and timings with the polar
ice core records (e.g., Lea et al., 2003; Benway et al., 2006; Peck et al.,
2008; Barker et al., 2009), their resolution is relatively lower. In regard
to the stalagmite proxies, existing studies have shown that the patterns
of stalagmite δ18O records are comparable to the polar ice core records
(e.g., Wang et al., 2001; Wang et al., 2004; Cruz et al., 2005; Cheng
et al., 2009; Asmerom et al., 2010; Ayliﬀe et al., 2013; Cheng et al.,
2016). Especially, the absolute 230Th dating of stalagmite proxies could
provide an independent constraint for the temporal variations of the
integration. However, the amplitudes of the reconstructions from dif-
ferent paleoclimatic proxies are divergent. The systematic discrepancies
in temporal resolutions and amplitude ranges of the diﬀerent proxy
records in our database are signiﬁcant and cannot be ignored. The
comparability of these diﬀerent proxy records needs to be addressed
before synthesis.
Given the heterogeneous and sporadic nature of the underlying
database, and given that the major interest of this study is on the timing
of the changes in climate trend rather than the absolute magnitude of
Table 1
Statistical characteristics of ﬁve proxy temperature reconstructions from 22 to 9 kabp in the Arctic region (Shakun et al., 2012)
Location Proxy Latitude Longitude Size Min. (°C) Max. (°C) Range (K) 11.5–9 kabp mean (°C)
NGRIP, Greenland δ18O 75.1 −42.3 650 −61.8 −29.3 32.5 −34.0
GRIP, Greenland δ18O 72.6 −37.6 650 −54.9 −27.0 27.9 −33.2
Burial Lake, Alaska Chironomid 68.4 −159.2 38 5.8 11.0 5.2 9.9
Eastern Beringia (A) Pollen 67.5 −165.0 131 −4.6 −0.5 4.1 −1.3
Eastern Beringia (B) Pollen 67.5 −137.5 131 −11.3 −0.1 11.2 −1.4
Fig. 3. Comparison between the stacks of ﬁve Arctic proxy temperature records with the linear interpolation and area-weighting scheme (A) and the normalization
scheme (B). The interpolation interval is 100 years, and the area-weighting grid is 5°× 5° geographical coordinates. Error bars indicate 1σ errors.
Z. Liu et al. Quaternary International 490 (2018) 50–59
53
climate variation, we chose the normalization scheme in this study to
reconstruct the global and hemispheric DCI stacks. First, we normalized
all the 88 participant proxy records separately to a 0–100 scale based
on the maximum-minimum range (Supplementary Materials Part 1).
Then, the normalized data were averaged using a 200-year moving
window with a 100-year overlap to reconstruct the 100-year resolution
stacks of the global and hemispheric ensembles. This straightforward
scheme synthesized time series comprising paleoclimate information of
surface air temperature changes from the ice core records, sea surface
temperature variations from the marine sediments, and precipitation
information from the stalagmite data. The resultant stacks are compo-
site paleoclimate indexes over the last deglaciation period.
2.3.2. Breakpoint detections
Using a continuous linear piecewise model to ﬁt the paleoclimate
record is a widely used approach in breakpoint analysis of paleoclimate
time series (e.g., Monnin et al., 2001; Parrenin et al., 2013). We em-
ployed the techniques of Rampﬁt and Breakﬁt both developed by
Mudelsee (2000, 2009) to detect the breakpoints in each reconstructed
DCI series, as well as in the WDC aCO2 series (Marcott et al., 2014)
which was interpolated linearly to a 100-year resolution from 22 to 9
kabp. The Rampﬁt and Breakﬁt are least-squares regression techniques
based on Ramp function and Break function, respectively, for quanti-
fying the trend changes in a time series. In general, the Rampﬁt tech-
nique is more suitable for slope-shape series, whereas the Breakﬁt
technique is more suitable for V-shape series. We employed both
methods for cross veriﬁcation and comparison. According to the pat-
terns of the reconstructed stacks, we selected ﬁve time windows of
22–16.5 kabp, 16.5–14.5 kabp, 15‒13 kabp, 14.5–12.5 kabp for
Breakﬁt technique, and 12.5–9 kabp for Rampﬁt technique to detect the
timings of six breakpoints in the global and northern hemispheric DCI
stacks, two time windows of 22–13 kabp and 14–9 kabp for Rampﬁt
technique to detect the timings of four breakpoints in the southern
hemispheric DCI stack, and three time windows of 22–15.5 kabp, 16‒13
kabp, and 14–9 kabp for Rampﬁt technique to detect the timings of six
breakpoints in the WDC aCO2 series. In our analysis, 500 bootstrap
simulations were repeated to generate the standard deviations.
3. Results
3.1. 100-year resolution global and hemispheric DCI stacks
Fig. 4 shows the stacks of the global and hemispheric DCI with 100-
year resolution from 22 to 9 kabp. The major feature of the global stack
is an increase from a mean value of 22 between 22 and 19 kabp to a
mean value of 77 between 10 and 9 kabp in the DCI scale. The rise of
the 55 DCI units occurred mainly in two steps; the ﬁrst step happened
during∼15 to 14.5 kabp that corresponding to the transformation from
the Heinrich Stadial 1 (HS1) to the Bølling-Allerød (B-A) warm period
with an increase of approximate 20 DCI units, whereas the second-step
rising of about 30 DCI units took place during ∼12.6 to 10.3 kabp
corresponding to the ending of the Younger Dryas (YD). In addition, a
gradual increase occurred over the Last Glacial Maximum (LGM) and
the HS1 with more than 10 DCI units.
The northern hemispheric DCI likewise shows a two-step increase as
seen in the global DCI. However, a signiﬁcant diﬀerence is that, after
the transformation from LGM to HS1 the increase rate of DCI slowed
down in the northern hemispheric stack, where it was accelerated in the
global stack. In the Southern Hemisphere, similar to the patterns of
Antarctic ice core records (Neftel et al., 1988; Fischer et al., 1999;
Monnin et al., 2001; Ahn et al., 2004; Marcott et al., 2014), the DCI
stack shows a parallel variation with the WDC aCO2 (Marcott et al.,
2014), both experienced two rapid increasing phases, HS1 and YD,
separated by the Antarctic Cold Reversal (ACR) event.
The similarity in the patterns between the southern hemispheric DCI
stack and the WDC aCO2 supports the hypothesis that the Southern
Ocean played an important role in the deglacial aCO2 rising (Sigman
et al., 2010). Meanwhile, the comparison of changes between the
northern and southern hemispheric DCI stacks shows an obvious see-
sawing characteristic, demonstrating the eﬀects of Atlantic meridional
overturning circulation (AMOC) on the interhemispheric redistribution
of heat (Broecker, 1998; Stocker and Johnsen, 2003; Denton et al.,
2010).
3.2. Breakpoint detections of trend transitions
Fig. 5 shows the detection of the breakpoints in the reconstructed
DCI stacks, as well as in the WDC aCO2 series. The results are
Fig. 4. Global and hemispheric DCI stacks overlaid on the centennial-scale WDC aCO2 (Marcott et al., 2014). The error bars indicate 1σ errors. LGM: Last Glacial
Maximum; HS1: Heinrich Stadial 1; B–A: Bølling-Allerød; ACR: Antarctic Cold Reversal; YD: Younger Dryas; EH: Early Holocene.
Z. Liu et al. Quaternary International 490 (2018) 50–59
54
summarized in Table 2. Five breakpoints at best are intercomparable
among the global/hemispheric DCI stacks and aCO2. Breakpoint 1
corresponds to the transformation from LGM to HS1 in the global and
northern hemispheric DCI stacks, and the onset of the deglaciation in
the southern hemispheric DCI stack and aCO2. Breakpoint 2 marks the
onset of the transformation from HS1 to B-A. Breakpoint 3 corresponds
to the onset of B-A in the global and northern hemispheric DCI stacks,
which can be correlated with the onset of ACR in the southern hemi-
spheric DCI stack and aCO2. Breakpoint 4 indicates the ending of B-A in
the global and northern hemispheric DCI stacks, and the ending of ACR
in the southern hemispheric DCI stack and aCO2. Breakpoint 5 corre-
sponds to the endpoint of the deglaciation.
The comparison of ﬁve breakpoints between the global DCI stack
and aCO2 (Fig. 5A, D; Table 2) comprises three diﬀerent sequential
relationships. (i) The signiﬁcant rising of aCO2 started at 17.6 ± 0.1
kabp lagged behind the onset of global climate change that occurred
earlier than 18.6 ± 0.2 kabp. (ii) During the B-A warm period, aCO2
and the global DCI had an almost synchronous variation most time with
no more than 500-year diﬀerence. This is similar to the recent results of
Pedro et al. (2012), Parrenin et al. (2013), Rosen et al. (2014), and
Bereiter et al. (2018). (iii) The aCO2 hiatus post YD began at about
11.4 ± 0.1 kabp, leading the termination of the YD around 10.4 ± 0.1
kabp by about 1000 years.
As mentioned above, the northern hemispheric DCI stack shows a
similar pattern to the global DCI stack except for the changing trend
after the transformation from LGM to HS1. Our analysis indicates that
this transformation took place around 18.8 ± 0.4 kabp, leading the
onset of aCO2 rising by more than 1200 years (Fig. 5B, D; Table 2). In
contrast to the northern hemispheric DCI stack, parallel variations be-
tween the southern hemispheric DCI stack and aCO2 make it easier to
compare the order of the breakpoints (e.g., Mudelsee, 2001; Ahn et al.,
2004; Siegenthaler et al., 2005; Pedro et al., 2012). Four breakpoints
are comparable between the southern hemispheric DCI stack and aCO2
that suggest a more than 1000-year lead of DCI change over aCO2
variation at the early stage of the deglaciation, a synchronous variation
within 200-year time diﬀerence during the ACR period, and a less than
200-year lag at the ending of the deglaciation (Fig. 5C–D; Table 2). In
addition to the seesawing characteristics between the Northern and
Southern Hemispheres, four pairs of comparable breakpoints between
the two hemispheric DCI stacks indicate nearly contemporaneous
transformations of climatic trends in the interval from LGM to early
Holocene by less than 300-year diﬀerence except the ending point of
the deglaciation (Fig. 5B–C; Table 2), reﬂecting a close interhemi-
spheric correlation.
Overall, the results of breakpoint analyses on global and hemi-
spheric scales show a clear DCI lead over aCO2 at the early stage of the
deglacial warming, suggesting that aCO2 is an internal feedback in
Earth's climate system rather than an initial trigger. The nearly syn-
chronous change between the global/hemispheric DCI stacks and aCO2
during the B-A warm period (i.e., the ACR period in the Southern
Hemisphere) suggests a fast coupling between the variations of climate
and aCO2.
4. Discussion
4.1. Comparison between the normalization and area-weighting schemes
Given the diverse temporal resolutions and sparse nature of the
existing paleoclimate records as well as the complexity of the climate
system, identifying the sequential and causal relationship between cli-
mate change and aCO2 variation remains a challenging task and re-
quires continued eﬀorts using improved methods. One important dif-
ference of this study from previous studies lies in the application of
normalization as opposed to area-weighting approach to synthesize
diverse multiple proxy records for global and hemispheric representa-
tions. With the normalization approach, we show a climate‒aCO2 var-
iation sequential relationship somewhat diﬀerent from what have been
reported by some existing studies. For example, using a linearly inter-
polated and area-weighted method, Shakun et al. (2012) synthesized
Fig. 5. Detection of breakpoints in the global/hemispheric DCI stacks and aCO2
(Marcott et al., 2014). The polylines in color are the least-square regressions
based on the techniques of Rampﬁt/Breakﬁt (Mudelsee, 2000, 2009). Errors of
all the detected results are the standard deviations of 500 repeated bootstrap
simulations. The gray hollow dots in panel (D) are the originally centennial-
scale WDC aCO2 data, and the overlaid red line is the linearly interpolated
series of 100-year resolution. The codes of the climate events are the same as in
Fig. 4. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the Web version of this article.)
Table 2
Detected breakpoints in the global/hemispheric DCI stacks and WDC aCO2 (Unit: kabp).
Breakpoint 1 Breakpoint 2 Breakpoint 3 Breakpoint 4 Breakpoint 5
Global DCI 18.6 ± 0.2 15.0 ± 0.1 14.4 ± 0.1 13.4 ± 0.1 10.4 ± 0.1
Northern Hemisphere DCI 18.8 ± 0.4 15.0 ± 0.1 14.4 ± 0.1 13.1 ± 0.1 10.3 ± 0.1
Southern Hemisphere DCI 18.6 ± 0.1 14.7 ± 0.1 12.8 ± 0.1 11.2 ± 0.1
WDC aCO2 17.6 ± 0.1 14.8 ± 0.1 14.5 ± 0.1 12.9 ± 0.1 11.4 ± 0.1
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the global and hemispheric stacks of the last deglacial temperature from
80 proxy records to show that the global warming was preceded by the
increase of aCO2. Their study exhibited a lead of 460 ± 340 years of
aCO2 over the global temperature stack, a lead of 720 ± 330 years of
aCO2 over the northern hemispheric temperature stack, and a lag of
620 ± 660 years of aCO2 over the southern hemispheric temperature
stack (Pedro et al., 2012). However, we did not see in our reconstructed
DCI stacks the major features upon which Shakun et al. (2012) devel-
oped their discussion and conclusion, despite that we included quite a
few records from Shakun et al. (2012) database in our study.
For a more direct comparison, we recalculated the global and
hemispheric stacks using the normalization scheme on the basis of the
original 80 proxy records of Shakun et al. (2012). Our stacks bear some
features that are signiﬁcantly diﬀerent from that of the area-weighted
stacks of Shakun et al. (2012), leading to diﬀerent interpretations of the
timing of climate events (Supplementary Materials Part 3). For ex-
ample, Shakun et al. (2012) regarded 17.2 ± 0.03 kabp as the onset of
the deglacial warming substantially lagging the onset of aCO2 rising;
whereas 17.2 ± 0.03 kabp is not a breakpoint in the global stack using
normalization scheme. Additionally, the onsets of the Bølling-Allerød
and the Holocene can be timed earlier in the normalized stack than in
the area-weighted stack (Fig. 6).
The data synthesis method of Shakun et al. (2012) included several
steps: linear interpolation of the time series to a 100-year resolution,
projection of the time series onto a 5°× 5° grid, and combination of the
data for area-weighted stacks. However, this method may not ﬁt the
underlying proxy database. First, although the proxy measurements of
each participant reconstruction may be of suﬃcient qualities and in-
ternally consistent, there are obviously systematic discrepancies among
the participant reconstructions due to diﬀerent proxies and methodol-
ogies used. The discrepancies can impose serious biases to the global
and hemispheric ensembles if unaccounted for. Second, overstretching
a low-density reconstruction to a 100-year resolution would inad-
vertently introduce artifacts into the ensembles, especially for the
marine sedimentary records with relatively lower data density. More-
over, the 5°× 5° grid weighting scheme attaches the weight of a proxy
reconstruction to its geographical coordinates, which would promote
the lower latitude records over the more robust ice core records.
4.2. Driving mechanism of the last deglacial climate change
Our analysis shows that during the initial stage of the last degla-
ciation, the rise in aCO2 was preceded by the rise in DCI, reconﬁrming
the ﬁnding of several earlier studies (e.g., Fischer et al., 1999; Monnin
et al., 2001; Fudge et al., 2013) that aCO2 elevation is not the trigger of
the deglacial warming. This is consistent with the Milankovitch theory
that postulated the variation of summer insolation at northern high
latitude as the driving force of the glacial-interglacial cycles of late
Quaternary (Milanković, 1941; Hays et al., 1976). Summer solar in-
solation began to increase from its minimum level about 24 kabp in
high-latitude Northern Hemisphere (Laskar et al., 2004) (Fig. 7A). The
increasing insolation caused the Northern Hemisphere warming, as
evidenced in the moderate warming in the very early stage of degla-
ciation from 22.0 to 18.8 kabp shown in Fig. 7D. However, the initial
Northern Hemisphere warming did not appear to continue into HS1.
The absence of an apparent 18.8–15.0 kabp Northern Hemisphere
warming might have been a side eﬀect of the early deglacial melting of
the northern ice sheets. Coupled atmosphere-ocean general circulation
model simulation (Liu et al., 2009; Marcott et al., 2011) suggested that
the insolation induced warming over this period could have been
hidden in the subsurface ocean waters. Surface freshening in the early
stage of the deglaciation could suppress convective heat exchange, re-
sulting in cooling the surface while warming the subsurface (Liu et al.,
2009). The deglacial warming subsequently led to the generation of
vast sea ice (Raymo et al., 1997; Denton et al., 2010) and the occur-
rence of ice rafting (Heinrich, 1988; Stern and Lisiecki, 2013) (Fig. 7B).
On the millennial scale, the injection of meltwater into the North
Atlantic Ocean would reduce the strength of AMOC (Ganopolski and
Rahmstorf, 2001; McManus et al., 2004) (Fig. 7C) through weakening
the formation of deep water. This would decrease the heat transferred
from the low latitude area. The eﬀect of the bipolar seesaw (Broecker,
1998; Stocker and Johnsen, 2003; Denton et al., 2010) could then lead
to the initial warming of the Southern Hemisphere (Ganopolski and
Roche, 2009; He et al., 2013) (Fig. 7E) and a pause of the Northern
Hemisphere warming (Fig. 7D). Meanwhile, the reduction of the AMOC
strength, and the drift southward of icebergs and sea ices, could jointly
push the Intertropical Convergence Zone and Southern Hemisphere
Westerlies to move southward (Chiang and Bitz, 2005). These eﬀects
would enhance the ventilation between the Southern Ocean and at-
mosphere (Anderson et al., 2009; Fischer et al., 2010) (Fig. 7F), and
ﬁnally lead to vast CO2 stored in the deep ocean being released to at-
mosphere (Clark et al., 2002; Schmittner and Galbraith, 2008; Sigman
et al., 2010; Skinner et al., 2010), causing the rising of aCO2 (Fig. 7G).
During the B-A warm period and YD cold period, the seesawing features
between the climate of Northern Hemisphere and Southern Hemisphere
is likely an indication of the predominance of AMOC in regulating the
interhemispheric climate change through reducing/increasing north-
ward ocean heat transport and accordingly promoting/lowering the
heat accumulation in the south (Fig. 7C–E). The near-synchronous
variations between the southern hemispheric DCI and aCO2 are
Fig. 6. Normalized and area-weighted global climate stacks
based on Shakun et al. (2012) 80 proxy records during the
last deglaciation in comparison to the centennial-scale WDC
aCO2 (Marcott et al., 2014). The error bars indicate 1σ errors.
The arrows highlight some change/event onsets interpreted
from normalization method (blue) and area-weighting
method (red), respectively. The codes of the climate events
are the same as in Fig. 4. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the
Web version of this article.)
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consistent with suggestions of a fast coupling between climate and aCO2
changes (Pedro et al., 2012; Parrenin et al., 2013; Bereiter et al., 2018).
The fast coupling is likely a consequence of an increased Southern
Ocean overturning rate which concurrently enhanced the ocean-atmo-
sphere heat and CO2 exchanges (Anderson et al., 2009; Skinner et al.,
2010).
On the centennial scale, Marcott et al. (2014) showed three rapid
rising events of the WDC aCO2 at 16.3 kabp, 14.8 kabp, and 11.7 kabp,
respectively, and found all of them can be closely correlated to the
abrupt climate changes in the Northern Hemisphere. In the northern
hemispheric DCI stack of this study, these correlations are also ob-
servable; three abrupt climate changes in the DIC scale at about 16.3
kabp, 14.4 kabp, and 11.2 kabp can be related to those rapid aCO2
increases (Fig. 7D, G). These rapid changes of climate and aCO2 cor-
relate in time with the abrupt variations in the AMOC strength
(McManus et al., 2004) and with the deposits of ice-rafted detritus in
the North Atlantic (Stern and Lisiecki, 2013), suggesting that the AMOC
had an important role in the abrupt rising of aCO2 (Marcott et al.,
Fig. 7. Comparisons among multiple paleoenvironmental
proxies over the deglaciation period from 22 to 9 kabp. (A)
Summer insolation at 65° N (Laskar et al., 2004). (B) Ice-
rafted detritus stack (Stern and Lisiecki, 2013). (C) The
231Pa/230Th ratios from the marine core OCE326-GGC5 as a
proxy reﬂecting the strength of AMOC (McManus et al.,
2004). (D) Northern hemispheric DCI stack. (E) Southern
hemispheric DCI stack. (F) Opal ﬂux from the marine core
TN057-13PC4 located in the Southern Ocean, interpreted as
a proxy for upwelling south of the Antarctic Polar Front
(Anderson et al., 2009). (G) Centennial-scale WDC aCO2 with
black arrows to indicate the three abrupt rising (Marcott
et al., 2014). The color arrows in the panels (D), (E), and (G)
pointing some remarkable breakpoints detected in this study.
The codes of the climate events are the same as in Fig. 4. (For
interpretation of the references to color in this ﬁgure legend,
the reader is referred to the Web version of this article.)
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2014).
5. Conclusion
We use a normalization scheme to synthesize global and hemi-
spheric stacks of composite climate index DCI from 88 well-dated high-
resolution proxy records. Breakpoint analysis of the DCI stacks and the
aCO2 record from the West Antarctic Ice Sheet Divide ice core (Marcott
et al., 2014) shows a varying lead-lag relationship over the period of the
last deglaciation. The onset of DCI increase led the onset of aCO2 rising
on both global and hemispheric scales at the early stage of the last
deglaciation, indicating that the variation of aCO2 is an internal feed-
back in Earth's climate system rather than an initial trigger. The see-
sawing pattern between the northern and southern hemispheric DCI
during the Bølling-Allerød warm period and the Younger Dryas cold
period is likely a result of the predominance of AMOC in regulating the
interhemispheric climate change. The near-synchronous variations of
climate change and aCO2 since the onset of the Bølling-Allerød can be
attributed to the enhanced ventilation between the Southern Ocean and
atmosphere.
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